Background Ionizing radiation (IR) is effectively used in cancer therapy. However, in subsets of patients, a few radioresistant cancer cells survive and cause disease relapse with metastatic progression. The METoncogene encodes the hepatocyte growth factor (HGF) receptor and is known to drive "invasive growth", a regenerative and prosurvival program unduly activated in metastasis. Methods Human tumor cell lines (MDA-MB-231, MDA-MB-435S, U251) were subjected to therapeutic doses of IR. MET mRNA, and protein expression and signal transduction were compared in treated and untreated cells, and the involvement of the DNA-damage sensor ataxia telangiectasia mutated (ATM) and the transcription factor nuclear factor kappa B (NF-º B) in activating MET transcription were analyzed by immunoblotting, chromatin immunoprecipitation, and use of NF-º B silencing RNA (siRNA). Cell invasiveness was measured in wound healing and transwell assays, and cell survival was measured in viability and clonogenic assays. MET was inhibited by siRNA or small-molecule kinase inhibitors (PHA665752 or JNJ-38877605). Combinations of MET-targeted therapy and radiotherapy were assessed in MDA-MB-231 and U251 xenografts (n = 5-6 mice per group). All P values were from two-sided tests. Results After irradiation, MET expression in cell lines was increased up to fivefold via activation of ATM and NF-º B. MET overexpression increased ligand-independent MET phosphorylation and signal transduction, and rendered cells more sensitive to HGF. Irradiated cells became more invasive via a MET-dependent mechanism that was further enhanced in the presence of HGF. MET silencing by siRNA or inhibition of its kinase activity by treatment with PHA665752 or JNJ-38877605 counteracted radiation-induced invasiveness, promoted apoptosis, and prevented cells from resuming proliferation after irradiation in vitro. Treatment with MET inhibitors enhanced the efficacy of IR to stop the growth of or to induce the regression of xenografts (eg, at day 13, U251 xenografts, mean volume increase relative to mean tumor volume at day 0: vehicle = 438%, 5Gy IR = 151%, 5 Gy IR + JNJ-38877605 = 76%; difference, IR vs JNJ-38877604 + IR = 75%, 95% CI = 59% to 91%, P = .01). Conclusion IR induces overexpression and activity of the MET oncogene through the ATM-NF-º B signaling pathway; MET, in turn, promotes cell invasion and protects cells from apoptosis, thus supporting radioresistance. Drugs targeting MET increase tumor cell radiosensitivity and prevent radiation-induced invasiveness.
Radiotherapy can be used successfully for local treatment of primary cancer (1) . However, a fraction of tumors recur after this treatment and are usually more aggressive [(2) and references therein]. Consistent with these clinical observations, pioneering work by Kaplan and Murphy (3) , studies in classical animal models [(4) and references therein], and in vitro experiments (5,6) have shown that ionizing radiation (IR) can exert a paradoxical prometastatic effect. This effect is observed after radiation doses that are insufficient to eradicate the primary tumor and seldom after curative radiation treatment. More recent experiments have indicated that IR promotes positive selection of a preexisting, intrinsically radioresistant "cancer stem cell" subpopulation, offering an attractive mechanistic explanation for radiation-induced tumor progression (7) (8) (9) . However, there is also striking evidence that, in some cells, IR induces an adaptive phenotype aimed at tissue regeneration that can result in metastatic behavior (10) . This phenotype, which has been referred to as the "stress-and-recovery" response to DNA damage (10) , occurs both at the single cell and tissue levels. In single cells, DNA damage detection elicits specific molecular mechanisms, mostly orchestrated by the ataxia telangiectasia mutated (ATM)-p53 axis, that blocks replication and activate DNA repair (11) . If repair fails, a normal cell is programmed to execute apoptosis or to undergo proliferative arrest through senescence. Nevertheless, after the death of radiationdamaged cells, tissues must restore their adequate cell number, pattern, and function via regeneration (or "wound healing") by the surviving cells, either normal or neoplastic. As observed in vitro, this process includes detachment from the wound border, acquisition of a fibroblast phenotype, migration into the empty area, and, possibly, proliferation. This complex program has been referred to as "epithelial-mesenchymal transition" [EMT; (12) ], and, more recently also as "invasive growth" [IG; (13, 14) ], to emphasize its functional relevance for cancer. It is now widely accepted that EMT or IG is a physiological program for tissue development and regeneration that is inappropriately activated in cancer cells, often as an adaptive response to adverse environmental conditions, thus leading to invasion and metastasis (14) (15) (16) . The EMT or IG genetic program is ultimately controlled by a few specific transcription factors and extracellular signals (17) . The latter group includes scatter factors, such as hepatocyte growth factor (HGF) and macrophage stimulating protein (MSP), which activate tyrosine kinase receptors belonging to the HGF receptor (MET) oncogene family (13) . An association between IR-induced cell invasion and MET expression has been suggested for neuroblastoma and pancreatic cancer cells, but a causal relationship was never established (18, 19) . Here we investigated 1) whether MET expression and signaling were increased in response to IR in a panel of human cancer cells, and by what mechanism; 2) whether MET expression and activity are required for IR-induced cell invasion; and 3) whether specific MET kinase inhibitors can prevent IR-induced cell invasion and sensitize cancer cells to radiotherapy in vitro and in vivo.
Methods
Cell Lines, Compounds, and Silencing RNA (siRNA) Human cell lines (breast carcinomas MDA-MB-231 and MDA-MB-435S; glioma U251, U-87MG and SF295; lung carcinoma A549; colon carcinomas LoVo and DLD1; prostate carcinoma PC3; neuroblastoma SK-N-SH; and normal fibroblast MRC-5) were purchased from ATCC (Rockville, MD), kept in culture for less than 8 weeks, and used between passages 2 and 20 (the identity of MDA-MB-435S is controversial and has recently been defined as melanoma:http://dtp.nci.nih.gov/docs/misc/common_files/mda-mb-435-update.html). Following the provider's instructions, cells were cultured in Dulbecco's modified Eagle medium (DMEM)-high glucose or RPMI-1640 (Sigma, St Louis, MO) supplemented with 10% fetal bovine serum (Lonza Sales Ltd, Basel, Switzerland) and 2 mM glutamine (Sigma) in a humidified atmosphere with 5% CO 2 at 37°C. For experiments requiring hypoxic conditions (1% O 2 ), cells were cultured in a Heraeus BB 6220 oxygen electrode incubator (Hereaus, Hanau, Germany). For activation of MET signaling, recombinant human HGF (50 ng/mL; R&D Systems, Minneapolis, MN) was added to the culture medium. For MET kinase inhibition, cells were treated with PHA665752 (500 nM; Tocris Cookson Ltd, Bristol, UK) dissolved in dimethyl sulfoxide (DMSO; Sigma) immediately before irradiation, and were kept in the presence of the inhibitor. The MET kinase inhibitor JNJ-38877605 was produced by Janssen Research & Development (Janssen Pharmaceutica NV, Beerse, Belgium). siRNAs targeting MET or RELA (nuclear factor kappa B [NF-º B]) mRNA, or control siRNAs (ON-TARGET plus SMART pool; Dharmacon, Lafayette, CO) were transiently transfected into MDA-MB-231, MDA-MB-435S, or U251 cells (final concentration: 100 nM per each 30%-50% confluent cell plate) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) according to manufacturer's instructions. For inhibition of the ATM kinase, cells were pretreated with CGK733 (10 µM in DMSO; Sigma) for 4 hours before irradiation and then kept in the presence of the inhibitor.
Irradiation
Cells (MDA-MB-231, MDA-MB-435S, or U251) or mice were exposed to conventional X-rays (1-10 Gy, 3 Gy per minute) emitted by a linear particle accelerator used for human radiotherapy (Clinac 600C/D; Varian, Palo Alto, CA) operated at 6 MV and at room temperature.
Immunoblots
Protein expression, phosphorylation, and nuclear translocation in irradiated MDA-MB-231, MDA-MB-435S, or U251 cells were evaluated by immunoblotting. To minimize the stimulatory effects of growth factors on MET transcription, confluent cells were serum starved for 48 hours and then irradiated. To obtain whole-cell lysates, 2-4 × 10 6 cells were solubilized in boiling Laemmli buffer (100 µL per 10 6 cells). For analysis of mitogen-associated protein (MAP) kinase phosphorylation, cells were lysed in RIPA buffer [20 mM Tris-HCl pH 6.8, 150 mM NaCl, 1% TRITON X-100, 5 mM EDTA, 1% Na-deoxycholate, 0.5% sodium dodecyl sulfate (SDS), 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and a cocktail of protease inhibitors]. To fractionate cytoplasmic and nuclear proteins, cells were washed and incubated on ice for 10 minutes in "buffer A" (10 mM HEPES pH 7.9, 10 mM KCl, 0.1 mM EDTA, 0.5% NP-40, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, and a cocktail of protease inhibitors). Supernatants, containing the cytoplasmic extracts, were separated by centrifugation (9600g, 5 minutes). Pellets were resuspended in "buffer B" (20 mM HEPES pH 7.9, 400 mM KCl, 1 mM EDTA, 1 mM dithiothreitol, 10% glycerol, 1 mM phenylmethylsulfonyl fluoride, and a cocktail of protease inhibitors) and incubated at 4°C for 1 hour with vigorous mixing. The resulting nuclear lysates were clarified by high-speed centrifugation. Protein concentration was determined using a BCA Protein Assay Reagent kit (Pierce Biotechnology, Rockford, IL). Equal amounts of proteins were resolved by SDS polyacrylamide gel electrophoresis in reducing conditions and analyzed by immunoblotting with the following antibodies: mouse monoclonal anti-MET (DL21, 1:1500) (20) , rabbit polyclonal antiphospho-p42/44 MAP kinase (1:1000; Cell Signaling Technology, Danvers, MA), rabbit polyclonal anti-p42/44 MAP kinase (1:1000; Cell Signaling Technology), mouse monoclonal anti-p65/RelA (1:500; BD Biosciences, Bredford, MA), mouse anti-hypoxia inducible factor-1 (anti-HIF-1±) (1:350; BD Biosciences), rabbit polyclonal anti-phosphoserine 276 (1:1000; Cell Signaling Technology), rabbit polyclonal anti-caspase-3 (1:1000; Cell Signaling Technology), rabbit polyclonal antiphospho-Chk2 (1:2000, T68; R&D Systems Minneapolis, MN), goat polyclonal anti-actin (1:3000, C-11; Santa Cruz Biotechnology, Santa Cruz, CA), and mouse monoclonal anti-lamin B (5µg/mL; Calbiochem, Darmstadt, Germany). For analysis of MET phosphorylation, cells were lysed in radioimmunoprecipitation assay (RIPA) buffer. Equal amounts of proteins were immunoprecipitated using mouse monoclonal anti-MET antibodies (DQ13) (21) , and analyzed by immunoblotting with mouse monoclonal anti-phosphotyrosine antibodies (1:1000; UBI, Lake Placid, NY). The same blots were stripped with a solution containing 62.5 mM Tris-HCl pH 6.8, 2% SDS, and 100 mM 2mercaptoethanol at 50°C, and reprobed with anti-MET antibodies as above or rabbit polyclonal anti-Gab1 antibodies (1:1000; Millipore, Temecula, CA). Antibodies were visualized with appropriate horseradish peroxidase-conjugated secondary antibodies (Amersham, Uppsala, Sweden), and the enhanced chemiluminescence system (Amersham). For control of equal amount of protein loading, blots were stripped as above and/or reprobed with anti-actin antibodies, or with anti-lamin B antibodies. Blot images were captured using a molecular imager (GelDoc XR; Bio-Rad Laboratories, Hercules, CA). Densitometric analysis was performed with Quantity One 1-D (Bio-Rad Laboratories). Immunoblots shown are representative of results obtained in at least three independent experiments.
Northern Blot
Northern blots were used to evaluate MET transcriptional induction by IR. Confluent MDA-MB-231, MDA-MB-435S, and U251 cells were serum starved for 48 hours and irradiated (10 Gy). Total RNA was isolated using the RNeasy Mini Kit (Qiagen, GmbH, Hilden, Germany) according to manufacturer's instructions. Equal amounts (15 µg) of purified RNA were resolved on 0.8% agarose-formaldehyde gels and transferred to Hybond-N nylon membranes (Amersham). The MET probe containing the complete coding sequence (GenBank accession number J02958) was obtained from the pCEV-MET plasmid (22) and labeled with a random priming kit (Megaprime; Amersham) using [±-32 P]-dCTP. Hybridization was carried out at 42°C for 16 hours in the presence of 50% formamide. Nylon membranes were washed twice with 2× saline-sodium citrate (SSC)-0.1% SDS and twice with 0.1× SSC-0.1% SDS at 42°C and then autoradiographed. Northern blots shown are representative of results obtained in at least two independent experiments.
Luciferase Reporter Assay
Luciferase reporter assays were used to evaluate the activity of the METpromoter in irradiated MDA-MB-231 and MDA-MB-435S cells. The construct pGL2-3.1, which encodes the luciferase gene under control of the human full-length MET promoter sequence (GenBank accession number AF046925), has previously been described (23) . The promoterless pGL2-basic plasmid encoding luciferase (Promega, Madison, WI) was used as control. Cells were seeded in 24-well plates and grown to confluence. Transient transfections were performed using Lipofectamine 2000 (Invitrogen) following the manufacturer's protocol. Transfected cells were serum starved for 24 hours and subsequently irradiated (10 Gy). When indicated, cells were transfected with siRNAs 24 hours before the promoter plasmids were introduced. Luciferase activity was measured on a GloMax 96-well microplate luminometer (Promega) using the Promega Luciferase Reporter Assay System according to manufacturer's instructions. Protein concentrations were determined with Protein Assay Dye Reagent (Bio-Rad) and used to normalize luciferase activity. The reported luciferase activities are the mean values from at least six samples from at least two independent experiments.
Endpoint and Quantitative Real-Time-Polymerase Chain Reaction (RT-PCR)
Transcription of cytokines and growth factors in irradiated MDA-MB-231, MDA-MB435S, U251, and MRC-5 cells was evaluated by PCR. Total RNA was purified from irradiated cells as described above. Two micrograms of RNA was used as a template for cDNA synthesis with random hexamer primers and the High Capacity Reverse Transcription kit (Applied Biosystems, Foster City, CA) according to manufacturer's instructions. Endpoint PCR was performed using the following primers:
HGF [sense,  52 -TTTCACCCAGGCATCTCCTCCAGAG-32 ;  antisense,  52 -CGTAGGTCCTTGCACTTGAAA-32 ], and GAPDH [sense, 52 -accacagtccatgccatcac-32 ; antisense,  52 -tccaccaccctgttgctgta-32 ]. PCR conditions were as follows: 95°C, 30 seconds; 58°C, 30 seconds;  72°C, 1 minute; 35 cycles. RT-PCR was performed using commercially available primer and probe  sets for HGF, tumor necrosis factor-± (TNF-±) , interleukin 6, MSP, and transforming growth factor-² (TGF-² ) (Applied Biosystems), with TaqMan PCR Master Mix (Applied Biosystems) on an ABI PRISM 7900HT sequence detection system (Applied Biosystems). Relative quantification values for target genes were obtained by normalizing against an endogenous control (² -actin) and a calibrator (nonirradiated cells). Two repetitions of the experiment were performed using independently prepared cDNA. All samples were analyzed in triplicate.
Chromatin Immunoprecipitation (ChIP)
ChIP was used to investigate binding of transcription factor NF-º B to the endogenous MET promoter in irradiated MDA-MB-231 cells. We used 4 × 10 7 cells for 10 immunoprecipitations either from irradiated or control cells. Nuclei were pelleted, resuspended in 1 mL of SDS lysis buffer (1% SDS, 1 mM EDTA, 50 mM Tris-HCl pH 8, and a cocktail of protease inhibitors), and disrupted by sonication, yielding DNA fragments with a bulk size of 400-1000 bp. Chromatin preparations were diluted, and precleared with protein G-Sepharose (Amersham 
Reactive Oxygen Species (ROS) Detection
To evaluate ROS production in irradiated MDA-MB-231, MDA-MB-435S, and U251 cells, we measured ROS-mediated fluorescent activation of the compound 5-(and 6)-carboxy-22 -72dichlorofluorescein diacetate (carboxy-H 2 DCFDA; Molecular Probes, Invitrogen) according to manufacturer's instructions. Briefly, cells were seeded in black 96-well plates (3 × 10 4 cells per well) 24 hours before irradiation. Cells were supplied with carboxy-H 2 DCFDA (10 µM) in phenol red-free DMEM for 1 hour, then washed and incubated for 30 minutes in phenol red-free DMEM without carboxy-H 2 DCFDA, and then irradiated (10 Gy). Treatment with H 2 O 2 (100 µM) was used as positive control in nonirradiated cells. ROS generation was measured 15 minutes after irradiation using a fluorescence plate reader (» ex = 485 nm, » em = 535 nm) (DTX 880 Multimode Detector; Beckman-Coulter, Brea, CA).
Enzyme-linked Immunosorbent Assay (ELISA)
ELISAs were used to evaluate TNF-± secretion in the culture medium of irradiated MDA-MB-231 and MDA-MB-435S cells. Cells were seeded into six-well plates, grown to confluence, and serum starved for 48 hours. The culture medium was then discarded and replaced with fresh medium (1 mL) before IR treatment (10 Gy). Supernatants were removed at the indicated time points and kept at −20°C before use. ELISA was performed using a quantitative sandwich enzyme immunoassay from R&D Systems (TNF± Quanti-Glo Chemiluminescent ELISA; R&D Systems, Minneapolis, MN) according to manufacturer's instructions. The reported measurements are the mean of six replicates from two independent experiments.
Wound Healing Assay
Wound healing assays were used to evaluate cell motility induced by irradiation. MDA-MB-231, MDA-MB-435S, and U251 cells were grown to confluence in 24-well plates, starved for 24 hours, and scraped with a P1000 pipet tip (Gilson, Inc, Middleton, WI) to make a 300−400 µM wide scratch. Culture medium was replaced with fresh medium containing 1% fetal bovine serum (FBS) supplemented with the MET inhibitor, PHA665752 (500 nM dissolved in DMSO) or with an equal volume of DMSO alone, and then immediately irradiated. After 24 hours, cells were fixed with 11% glutaraldehyde (Sigma), and stained with 0.1% crystal violet. Images were acquired with a Leica photocamera (DFC320; Leica, Wetzlar, Germany) connected with an inverted light microscope (DM IRB; Leica). Images are representative of the results obtained in at least three independent experiments.
Invasion Assay
Cell invasion induced by irradiation was measured in Transwell chambers containing 6.4 mm diameter polyethylene terphthalate filters with 8.0 µm pore size (BD Falcon, Bredford, MA). MDA-MB-231 or MDA-MB-435S cells (5 × 10 5 per transwell) were seeded on filters coated with 20 µg/cm 2 of reconstituted Matrigel basement membrane (BD Biosciences). U251 cells (10 4 per transwell) were seeded on filters coated with 50 µg/cm 2 of Matrigel. Culture medium supplemented with 1% FBS was added to both chambers to measure invasion due to receptor overexpression and activation (resulting from IR induction) in the absence of a chemoattractant. One hour after seeding, cells were irradiated (10 Gy) and incubated at 37°C for 24 hours. Then, cells on the upper side of the filter were mechanically removed, and those that had migrated onto the lower side of the filter were fixed, stained, and photographed as above. In some experiments, PHA665752 (500 nM), or the vehicle (DMSO), was added to both transwell chambers immediately before irradiation. Where indicated, HGF (50 ng/mL) was added to the lower chamber immediately before irradiation. For quantification of cell invasion, 10 fields per experimental condition were randomly selected and micrographed as above with a ×10 objective. Morphometric analysis was performed using MetaMorph 7.1 software (Molecular Devices, Sunnyvale, CA). Images are representative of at least three independent experiments.
Branching Morphogenesis Assay
A branching assay was used to evaluate the effect of irradiation on HGF-induced morphogenesis. MDA-MB-435S cell spheroids were preformed by resuspension of single cells in 240 mg/mL methylcellulose (Sigma) and culture in nonadherent 96-well plates (Greiner, Frickenhausen, Germany) for 24 hours. Spheroids were transferred into a matrix containing 1.3 mg/mL type I collagen from rat tail (BD Biosciences), 10% FBS, and 240 mg/mL methylcellulose. After 24 hours, cells were irradiated and/or cultured for 7 days in the presence of 50 ng/mL HGF (which had been purified as a recombinant protein from conditioned medium from baculovirus-infected SF9 insect cells). The conditioned medium from uninfected cells was used as negative (mock) control. Images are representative of results obtained in at least three independent experiments.
Cell Viability Assay
A commercial assay was used to evaluate viability of irradiated MDA-MB-231, MDA-MB-435S, and U251 cells. Cells were seeded in 96-well plates, grown to confluence, and serum starved for 24 hours. The culture medium was replaced with a medium containing 1% FBS and PHA665752 (500 nM) or the vehicle alone (DMSO), and cells were irradiated (10 Gy). Cell viability was assessed with the ATPlite one-step Luminescence Assay System kit (Perkin Elmer, Shelton, CT) according to manufacturer's instructions, using a GloMax 96 Microplate Luminometer (Promega). The reported measurements are the mean of nine replicates from three independent experiments.
Clonogenic Assay
The assay described by Franken et al. (24) was used to evaluate the clonogenic (proliferative) ability of irradiated MDA-MB-231 and U251 cells. Briefly, 25 cells per well were seeded in 24-well plates. After 16 hours, cells were irradiated (1-5 Gy) in the presence of 10% FBS and PHA665752 (500 nM) or the vehicle alone (DMSO), and cultured for 15 days. Colonies containing 50 cells or more were considered representative of clonogenic cells. The clonogenic fraction was calculated using the formula: [(number of colonies formed after treatment)/(number of cells seeded × plating efficiency)] × 100, where plating efficiency is the percentage of seeded cells that gave rise to clones under control conditions (ie, no irradiation, culture in 10% FBS without PHA665752). The reported values are the mean of eight replicates from two independent experiments.
In Vivo Cell Transplantation and Therapy
MDA-MB-231 or U251 cells were transplanted into mice to study the tumor response to radiotherapy in association with MET inhibitors. Mice were kept and manipulated under pathogenfree conditions, according to protocols approved by the Italian Ministry of Health and by the internal Ethical Committee for Animal Experimentation (FPRC-CESA). U251 cells (10 6 cells per mouse) were subcutaneously injected into the right flanks of 6-week-old female Crl:CD1-Foxn1 nu mice (CD1-nu −/− , n = 24; Charles River Laboratories, Calco, Italy). MDA-MB-231 cells (10 6 cells per mouse) were resuspended in 20% Matrigel and similarly injected into 6-week old female NOD.CB17-Prkdc scid /J mice (NOD/SCID, n = 20; Charles River Laboratories). After the development of tumors that were approximately 50 mm 3 in size (ie, 2-3 weeks after the cells were injected), the mice were subjected to total body irradiation. CD1-nu −/− mice with U251 tumors received a single dose of 5 Gy on day 0, whereas NOD/SCID mice with MDA-MB-231 tumors received a 4.5 Gy total dose that was fractionated in three 1.5 Gy doses on days 0, 2, and 4. Irradiation was preceded (on day minus 1 for U251 xenografts, on day 0 for MDA-MB-231 xenografts) and followed by daily administration of the MET inhibitor, JNJ-38877605 (50 mg/kg), by oral gavage, until the end of the experiments (day 7 for MDA-MB-231 xenografts or day 13 for U251 xenografts). Tumor diameters were measured every 3 days with a caliper and tumor volume was calculated using the formula: 4/3À × (d/2) 2 × (D/2), where d and D are the minor and the major tumor axis, respectively. Tumor volume was reported as relative volume increase with respect to mean tumor volume at time 0. The general physical status of mice was monitored daily. Mice were killed by anesthesia (zoletil 40 mg/kg + xylazine 7.5 mg/kg) followed by carbon dioxide inhalation, when they showed signs of systemic suffering (cachexia or anemia, occurring in the irradiated NOD/SCID strain), or when the tumor size exceeded 2000 mm 3 . The evaluated statistical power for the reported experiments is 90%, considering the size of experimental groups, at least a twofold difference in tumor volume between experimental groups, tumor volume variation of up to 50% within groups, and a statistical significance level of ± = .05.
Histopathologic Analysis and TUNEL Assays
Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assays were used to evaluate the apoptotic index in sections of the tumors that were formed by MDA-MB-231 cells in NOD/SCID mice (see above). Mice (n = 36) were treated with a single irradiation dose (5 Gy) and/or daily administration of JNJ-38877605 through oral gavage, and were killed at days 2, 4, or 6 after irradiation. Tumors were excised, embedded in paraffin, and sectioned according to standard procedures. Cell nuclei and DNA strand breaks (TUNEL assay) were labeled in some sections with the In Situ Cell Death Detection Kit (Roche Applied Science, Indianapolis, IN), according to manufacturer's instructions. TUNEL-positive cells (brown nuclei) were quantified by averaging the number of brown nuclei in six high-power fields (×400 magnification) per mouse (n = 3 per group), excluding the necrotic area.
Statistical Analysis
Numerical results were expressed as means and 95% confidence intervals (CIs). Statistic significance was evaluated using two-tailed Student t tests or analyses of variance. P values less than .05 were considered statistically significant.
Results

MET Transcription and Overexpression in Response to IR
We have previously shown that the MET proto-oncogene is transcriptionally regulated by specific extracellular and intracellular signals, including growth factors such as its ligand HGF (25) and the oxygen sensor, HIF-1 (26) . Here, we investigated modulation of MET expression by exposure to therapeutic doses of IR (up to 10 Gy). In 10 cell lines derived from human breast, lung, prostate, and colon carcinomas, glioma, and neuroblastoma, MET protein levels were substantially increased 24 hours after irradiation (data not shown). In representative cell lines (MDA-MB-231 and MDA-MB-435S human breast cancer cells, and U251 human glioma cells), detailed timecourse experiments revealed a biphasic profile of MET protein accumulation. This was characterized by an early peak of approximately fivefold MET induction at around 1-2 hours after irradiation, followed by a similar late peak or a plateau that appeared at 6 hours and diminished 24 hours after irradiation ( Figure 1 , A and Supplementary Figure 1 , A, available online). Doseresponse experiments showed that MET induction started between 1 and 5 Gy, and reached a plateau between 5 and 10 Gy, depending on the cell line ( Figure 1, B and Supplementary Figure 1 , B, available online). In MDA-MB-231, MDA-MB-435S, and U251 cells, MET mRNA accumulation (as shown by Northern blots) and activation of the full-length MET promoter (as shown by luciferase reporter assays) were also stimulated by IR treatments (Figure 1 , C and D, Supplementary Figure 1 , Cand D, available online, and data not shown). Taken together, these data indicated that IR-induced MET overexpression involves a transcriptional mechanism. Figure 1, A) . B) Dose-response of MET protein induction in MDA-MB-231 cells after irradiation. Lysates were analyzed at 12 hours after irradiation (from 0 to 10 Gy) by immunoblotting with anti-MET antibodies. Blots were probed also with anti-actin antibodies as control of protein loading. Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 1, B ). C) Time course of MET mRNA induction in MDA-MB-231 cells after irradiation. RNA was extracted at 1, 6, or 24 hours after irradiation (10 Gy) and examined by Northern blotting using a probe to the entire coding sequence of MET. Ribosomal subunit 28S was measured as control of RNA loading. Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 1, C,) . D) MET promoter activity in irradiated MDA-MB-231 cells. Plasmids expressing the luciferase gene under control of the MET promoter were transfected and, after 48 hours, cells were irradiated (10 Gy). Then, luciferase activity was measured at 1, 6, or 24 hours and normalized for protein expression. (ctrl = irradiated cells; basic = cells transfected with a plasmid containing a promoterless luciferase gene and treated as above). The means of six samples from two independent experiments and their 95% confidence intervals are shown. (Pvalues are derived from two-sided paired t tests). Similar results were obtained with MDA-MB-435S cells ( Supplementary Figure 1, D,) . a.u. = arbitrary units.
MET Signaling in Response to IR
Next, we investigated whether MET signaling was activated by IR. In MDA-MB-231 and U251 cells irradiated with 10 Gy, the overexpressed MET protein, a tyrosine kinase receptor, displayed an increased phosphotyrosine content, as shown by immunoblotting ( Figure 2 , A and Supplementary  Figure 2 , A). This was consistent with what we observed in GTL-16 gastric carcinoma cells, in which MET protein overexpression, supported by MET gene amplification, was identified as the mechanism responsible for MET kinase constitutive activation and tyrosine phosphorylation (27) . Because another possible explanation for MET phosphorylation after irradiation was induction of autocrine HGF signaling, we also analyzed the transcription of HGF in irradiated cells by PCR, and ruled out the presence of an autocrine loop ( Figure 2 , E and data not shown). We then investigated activation of signaling downstream of the MET receptor protein by immunoblotting. In irradiated MDA-MB-231 and U251 cells, ligand-independent MET kinase activation resulted in tyrosine phosphorylation of Gab1 ( Figure 2 , A and Supplementary Figure 2 , A). Gab1 is a MET-associated substrate, acting as a multifunctional scaffolding adaptor for the downstream signal transduction pathways, including the Ras/MAP kinase pathway (28) . In keeping with increased MET signaling, we showed that MAP kinases were phosphorylated in irradiated MDA-MB-231 and U251 cells, and that their phosphorylation was prevented by the MET-specific tyrosine kinase inhibitor, PHA665752 (29) (Figure 2 , B and Supplementary Figure 2 , B).
Figure 2
Effect of ionizing radiation (IR) on MET signaling. A) Tyrosine phosphorylation of MET and Gab1 after irradiation. In the upper panel, lysates from MDA-MB-231 cells were immunoprecipitated with anti-MET antibodies at 3, 6, or 24 hours after irradiation (10 Gy) and analyzed by immunoblotting with mouse monoclonal anti-phosphotyrosine (pTyr) antibodies. The same blots were stripped and reprobed with anti-MET antibodies. The amount of MET tyrosine phosphorylation was quantified and normalized against the amount of MET protein detected in immunoblots. The trend of MET phosphorylation, represented as the ratio (MET pTyr fold) of normalized MET phosphorylation in irradiated vs nonirradiated cells, was graphed as the mean of two independent experiments with 95% confidence intervals. MET phosphorylation levels in nonirradiated cells (ctrl) were arbitrarily set to 1. P values are from two-sided paired t tests. Similar results were obtained with U251 cells ( Supplementary Figure 2 , A, available online). In the middle panel, on blots of anti-MET immunoprecipitates, anti-phosphotyrosine antibodies recognized a phosphoprotein with a molecular weight corresponding to phosphorylated Gab1 (p-Gab1). In the lower panel, the above blots were stripped and reprobed with rabbit polyclonal antibodies to Gab1, confirming the identity of the protein coprecipitated with MET. B) MET-dependent activation of mitogen-activated protein kinases (MAPK) after irradiation. MDA-MB-231 cells were treated with the MET kinase inhibitor PHA665752 (500 nM) or dimethyl sulfoxide (vehicle), and analyzed 3, 6, or 24 hours after irradiation (10 Gy) by immunoblotting with rabbit polyclonal antibodies recognizing the serine-phosphorylated form of p42/p44 MAP kinases (p-MAPK). The control lane (ctrl) shows MAP kinase phosphorylation at time zero. Blots were stripped and reprobed with rabbit polyclonal anti-MAP kinase antibodies (MAPK) to show equal protein loading. Similar results were obtained with U251 cells ( Supplementary Figure 2 , B, available online). C) Tyrosine phosphorylation of MET after irradiation and hepatocyte growth factor (HGF) stimulation. Twelve hours after irradiation (10 Gy), MDA-MB-231 cells were treated with HGF (50 ng/mL) for 10 or 30 minutes. Lysates were immunoprecipitated with anti-MET antibodies and analyzed by immunoblotting with anti-phosphotyrosine antibodies. Blots were stripped and reprobed with anti-MET antibodies. Non-irradiated cells were treated with HGF as above and immunoprecipitated with anti-MET antibodies as a control (ctrl). The amount of MET tyrosine phosphorylation was quantified and normalized against the amount of MET protein detected in immunoblots. The ratio (MET pTyr fold) of normalized MET phosphorylation in HGF-stimulated vs mock-stimulated cells was graphed as the mean of two independent experiments with 95% confidence intervals. MET phosphorylation levels in mock-stimulated cells (mock, black bars) were arbitrarily set to 1. P values are derived from two-sided paired t tests. Similar results were obtained with U251 cells ( Supplementary Figure 2 , C, available online). D) Activation of MAP kinases in irradiated and HGF-stimulated cells. MDA-MB-231 cells were stimulated with HGF (50 ng/mL), or mock-stimulated (mock), immediately before irradiation (10 Gy) and analyzed 3, 6, or 24 hours after irradiation by immunoblotting with antibodies recognizing the serine phosphorylated form of p42/p44 MAP kinases (p-MAPK). The control lane (ctrl) shows MAP kinase phosphorylation at time zero. Blots were stripped and reprobed with anti-MAP kinase antibodies (MAPK) to show equal protein loading. Similar results were obtained with U251 cells ( Supplementary Figure 2 , D, available online). E) HGF mRNA transcription in irradiated MDA-MB-231 cells. HGF mRNA was amplified by endpoint PCR at time zero (ctrl) or 24 hours after irradiation (10 Gy), and resolved in an agarose gel. MRC-5 human fibroblasts were used as the positive control for HGF mRNA transcription.
In irradiated cells, the overexpressed MET tyrosine kinase was not only phosphorylated in the absence of its ligand, but also more sensitive to HGF stimulation. In fact, in MDA-MB-231 or U251 cells, treatment with a nonsaturating dose of HGF (50 ng/mL) increased MET phosphotyrosine content threefold to fourfold in nonirradiated cells, and up to eightfold when such cells were irradiated 12 hours before HGF stimulation ( We also investigated whether IR could increase MET signaling in advance of IR-induced MET protein accumulation. In MDA-MB-231 cells, transient early MET tyrosine phosphorylation was detected, independent of the addition of ligand, within 10 minutes after exposure to IR ( Supplementary Figure 2 , E). The same phenomenon has been described for the epidermal growth factor receptor (30) . The intensity of IR-induced MET phosphorylation was comparable with that elicited by a nonsaturating concentration of HGF (50 ng/mL). In the case of early IR-induced MET phosphorylation, however, combined stimulation by IR and HGF was not synergistic ( Supplementary Figure 2, E) .
Role of NF-º B in IR-Induced MET Transcription
Having found that IR induces overexpression of MET at the transcriptional level, we further investigated the mechanisms involved. IR is known to modulate the activity of a few transcription factors including NF-º B (31) . Accordingly, using microarray analysis to determine the transcriptional response to IR, we showed that, in MDA-MB-231 cells, IR induced a prominent early NF-º B response. For example, nine of the 33 genes with modulated expression at 1 hour after irradiation were NF-º B targets, which is a frequency approximately 20-fold higher than would be otherwise expected ( Supplementary Figure 3 and Supplementary Table 1 Supplementary Figure 4 , A, available online). Phosphorylation at this site is known to be induced by ROS via protein kinase A (34), and to promote p65/RelA interaction with the transcriptional coactivator CBP/p300, which is required to support transcription of a subset of early target genes (35) . These data indicate that IR promotes functional activation of NF-º B through nuclear accumulation and early transient phosphorylation of the p65/RelA subunit. , and hypoxia inducible factor (HIF)-1± nuclear accumulation (mouse monoclonal anti-HIF-1±), in response to irradiation (10 Gy), or hypoxia (24 hours at 1% O2). Blots were then stripped and reprobed with mouse monoclonal antilamin B as a control of protein loading. Nonirradiated cells at time zero served as a control (ctrl). Similar results were also obtained in MDA-MB-435S and U251 cells ( Supplementary Figure 4 , A, available online). B) Chromatin immunoprecipitation (ChIP) of NF-º B response elements in theMET promoter. Chromatin was prepared from irradiated MDA-MB-231 cells 3 hours after irradiation (10 Gy) and immunoprecipitated with anti-p65/RelA or nonspecific IgG antibodies. In immunoprecipitates, enrichment of sequences containing each of the two NF-º B binding sites (º B1 or º B2) of the MET promoter was evaluated by quantitative polymerase chain reaction amplification. The NFKBIA (Iº B±) promoter, which contains recognized º B binding elements (33) , was used as positive control for anti-RelA immunoprecipitation. Nonirradiated cells also served as control (ctrl). Ratios between sequence amplification obtained in immunoprecipitates with anti-RelA vs immunoprecipitates with nonspecific IgG are shown (means of three replicates of one experiment with 95% confidence intervals, two-sided paired t tests). C) RelA-dependent expression of MET after irradiation. MDA-MB-231 cells were transfected with silencing RNA (siRNA) against p65/RelA (siRELA) or control siRNA (siCTRL) and irradiated (10 Gy). Lysates were analyzed 1, 6, or 24 hours after treatment by immunoblotting with anti-MET (MET) or anti-p65/RelA (RelA) antibodies. The control lane (ctrl) shows MET or p65/RelA expression in mock-transfected cells at time zero after irradiation. Blots were also probed with antiactin as control of protein loading. Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 4 , B, available online). D) Luciferase activity driven by the MET promoter in irradiated cells lacking p65/RelA. MDA-MB-231 cells were transfected with a plasmid expressing the luciferase gene under control of the MET promoter and with siRNA against p65/RelA (siRELA) or control siRNA (siCTRL). After 48 hours, cells were irradiated (10 Gy; ctrl = nonirradiated cells). Luciferase activity was measured 1, 6, or 24 hours after irradiation, and normalized for protein expression. In parallel, cells transfected with a plasmid containing a promoterless luciferase gene (basic) and the above siRNA were irradiated, and luciferase was measured as above. Ratios of luciferase activity in cells containing the METpromoter vs the basic plasmid are shown (means of nine samples from three independent experiments, with 95% confidence intervals, P values from two-sided paired t tests). The inset panel presents immunoblots showing p65/RelA protein after siRNA transfection, and actin as control of protein loading.
To determine whether NF-º B could bind the MET promoter, we performed ChIP experiments. Through in silico analysis, we had identified two putative NF-º B binding sites in the human MET gene promoter: º B1, located at −1349 to −1340 bp, and º B2, located at −1150 to −1137 bp with respect to the transcription start site (23) . Interestingly, the º B2 site is highly conserved and functional in the murine met promoter ( Supplementary Figure 5 , available online) (36) . ChIP experiments in MDA-MB-231 cells showed that association of p65/RelA to either site was more than doubled in cells exposed to irradiation (10 Gy) (Figure 3, B) , indicating that MET expression is transcriptionally controlled by NF-º B in irradiated cells. These findings prompted us to investigate whether NF-º B is absolutely required for MET induction by IR. p65/RelA is involved in the formation of most NF-º B heterodimers and is thus critical for NF-º B-driven transcriptional activity (35, 37) . We therefore inhibited p65/RelA expression in MDA-MB-231, MDA-MB-435S, or U251 cells through siRNA transfection. Cells were then irradiated (10 Gy) and lysates were analyzed by immunoblotting from 10 minutes to 24 hours after irradiation. These experiments showed that, in the absence of p65/RelA, IR could not induce MET protein expression ( Figure 3 , C and Supplementary Figure 4 , B, available online). To investigate whether lack of MET induction occurred at transcriptional level, luciferase reporter assays with the full-length METpromoter were performed in MDA-MB-231 cells transfected with siRNA against p65/RelA. These assays showed that, in the absence of p65/RelA, IR could not induce the activity of the MET promoter (Figure 3 , D). Taken together, these data provide convincing evidence that IR-induced MET overexpression requires activation of the transcription factor NF-º B. We also considered the involvement of HIF-1 in IR-induced MET transcription because HIF-1 is a prominent regulator of MET expression (26) , and it was shown to be activated in irradiated cells as a result of ROS formation (38) . However, the contribution of HIF-1 was minimal, as shown by complementary approaches. First, MDA-MB-231 and MDA-MB-435S cells were irradiated (10 Gy), and nuclear extracts were analyzed by immunoblotting from 10 minutes to 24 hours after irradiation. IR did not induce nuclear accumulation of the HIF-1± subunit, which is the hallmark of HIF-1 activation, as observed in control cells cultured at a low oxygen concentration (1%) ( Figure  3 , A and Supplementary Figure 4 , A, available online). The lack of HIF-1 activation was not due to weak ROS production in irradiated cells because ROS were increased, on average, by 25% (95% CI = 19% to 31%) at 15 minutes after exposure to 10 Gy. By comparison with previous observations in cell lines exposed to 1-10 Gy, this increase was estimated to correspond to an average of 80% ROS induction within 2-5 minutes after irradiation (39) . Moreover, in luciferase reporter assays, IR could not activate the so-called "minimal" MET promoter (a sequence including nucleotides from −295 to +353 with respect to the transcription start site) (23) . This sequence includes the two functional hypoxia responsive elements and the AP-1 site that we previously showed as responsible for hypoxia-induced MET transcription (26) (data not shown). Taken together, these data indicate that HIF-1 is not implied in induction of MET transcription by IR. However, we observed that hypoxia induced nuclear translocation and serine phosphorylation of p65/RelA (Figure 3 , Aand Supplementary Figure 4 , A, available online), consistent with recent findings (40) . Finally, we also ruled out that transcription factor p53, another prominent IR target (11) , was involved in IR-induced MET transcription. In fact, MDA-MB-435S, MDA-MB-231, and U251, the three cell lines that displayed the highest MET induction by IR, harbor p53-inactivating mutations (G266E, R280K, and R273H, respectively) (41, 42) . Moreover, unlike the murine promoter (43) 
Role of ATM Kinase and TNF-± Signaling in IR-Induced NF-º B Activation
NF-º B is a target of several pathways that can be initiated by both extracellular and intracellular signals (32) . Mechanisms of intracellular activation include those elicited by protein kinase ATM following detection of DNA damage (11, 44) . To investigate whether MET induction by IR relies on activation of the ATM kinase, MDA-MB-231, MDA-MB-435S, or U251 cells were treated with the ATM inhibitor, CGK733 (10 µM) (45), 4 hours before irradiation. Extracts were analyzed from 30 minutes to 6 hours after irradiation (10 Gy) by immunoblotting, to detect threonine phosphorylation of the specific ATM substrate Chk2, nuclear translocation of p65/RelA, and expression of MET. CGK733 prevented Chk2 phosporylation, indicating ATM inhibition, and abolished p65/RelA nuclear translocation and MET protein overexpression. These data suggest that ATM kinase signaling is required for IR-induced MET overexpression (Figure 4, A, Supplementary Figure 6 , A, available online, and data not shown).
Figure 4
Role of ataxia telangiectasia mutated (ATM) kinase signaling and tumor necrosis factor alpha (TNF-±) autocrine loop in ionizing radiation (IR)-induced nuclear factor kappa B (NF-º B) activation. A) Effect of the ATM kinase inhibitor, CGK733, on MET, Chk2, and p65/RelA in irradiated cells. MDA-MB-231 cells were treated with CGK733 (10 µM) or dimethyl sulfoxide (vehicle) for 4 hours and then irradiated (10 Gy). Cytoplasmic or nuclear extracts obtained from 30 minutes to 6 hours after irradiation were analyzed by immunoblotting with specific antibodies to show MET expression, Chk2 threonine phosphorylation (p-Thr 68 Chk2, rabbit polyclonal antiphospho Chk2 antibodies), and p65/RelA (RelA) nuclear accumulation. Blots were stripped and reprobed with anti-actin or anti-lamin B antibodies as controls of protein loading. Nonirradiated cells at time zero served as control (ctrl). Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 6 , A, available online, and data not shown). B) Transcription of growth factors and cytokines in irradiated MDA-MB-231 cells. RNA levels were measured by quantitative polymerase chain reaction at the indicated time points after irradiation (10 Gy). The graph shows the fold change in RNA content in irradiated vs nonirradiated cells (means of nine samples from three independent experiments with 95% confidence intervals; P values from two-sided paired t tests). Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 6 , B, available online, and data not shown). C) TNF-± secretion by irradiated MDA-MB-231 cells. Cell culture media were removed 6, 24, or 48 hours after irradiation (10 Gy), and TNF-± concentration (pg/mL) was measured by enzyme-linked immunosorbent assays. Nonirradiated cells served as control (ctrl). The graph shows a mean of six samples from two independent experiments, with 95% confidence intervals. P values were derived from two-sided paired t tests. Similar results were obtained with MDA-MB-435S cells ( Supplementary Figure 6 , C, available online). MSP = macrophage stimulating protein; TGF-² = transforming growth factor ² ; IL-6 = interleukin 6.
It is also known that NF-º B induces the expression of cytokines, including TNF-± (33) , that promote a positive-feedback loop to increase NF-º B activity. Therefore, we investigated expression of cytokines by irradiated MDA-MB-231, MDA-MB-435S, or U251 cells in time-course experiments. As shown by quantitative PCR, TNF-± transcription was increased in all three cell lines, peaking at different time points (from 2 to 24 hours) after irradiation (10 Gy) (Figure 4 , B, Supplementary  Figure 6 , B, available online, and data not shown). In MDA-MB-231 and MDA-MB-435S cells, we also measured TNF-± release into the culture medium by ELISA and found increased secretion of the protein at 24-48 hours after irradiation (10 Gy) ( Figure 4 , C and Supplementary Figure 6 , C, available online). These data suggest that, in irradiated cells, MET expression can be supported by a TNF-± autocrine loop. By contrast, transcription of other NF-º B targets, such as HGF, interleukin 6, or other proinvasive cytokines such as MSP and TGF-² , was not induced by irradiation ( Figure  4 , B, Supplementary Figure 6 , B, available online, and data not shown). The lack of HGF induction may be explained by the fact that the HGF gene is likely to undergo epigenetic silencing during cell fate determination in cells of epithelial or neural origin. Conversely, the MET gene appears to be epigenetically silenced in cells of mesenchymal origin, which expresses HGF, but not MET (see "Discussion"). Consistent with this pattern, in the normal fibroblast cell line MRC-5, irradiation (10 Gy) increased HGF transcription up to threefold ( Supplementary Figure 6 , D, available online), but did not affect MET transcription (data not shown). Taken together, these results suggest that irradiation of both tumor and stromal cells induce the expression of cytokines that increase MET expression and activation (see "Discussion").
Role of MET in IR-Induced Invasive Growth
IR-induced MET overexpression resulted in substantially increased ligand-independent MET kinase activation (Figure 2 , A and Supplementary Figure 2 , A, available online). We therefore investigated whether IR-induced MET overexpression and activation were followed by METassociated biological responses, which include invasive growth. We first performed wound healing assays, as an in vitro model to assess the propensity of irradiated cells overexpressing MET for invasive growth. Subconfluent monolayers of MDA-MB-231, MDA-MB-435S, or U251 cells were scratched to produce a wound, and then irradiated (10 Gy). Irradiated cells, compared with nonirradiated cells, more readily performed the healing program, by detaching from the edge of the wound, and migrating throughout the scratched area ( Figure 5, A and data not shown) . This response, monitored for 24 hours, was similar to that stimulated by HGF, aka "Scatter Factor" because it promotes cell dissociation and motility (46) (data not shown). The healing response elicited by IR was not due to induction of an HGF autocrine loop, as assessed by quantitative PCR (Figure 4, B; Supplementary Figure 6 , B, available online, and data not shown). Reconstitution of the wounded monolayer by irradiated cells was, however, fully prevented by adding the MET inhibitor, PHA665752, to cell monolayers immediately before irradiation ( Figure 5 , A and data not shown), indicating that MET signaling was an absolute requirement for IR-induced invasive growth.
Figure 5
Role of MET in ionizing radiation (IR)-induced invasive growth. A) Effect of MET inhibition on IR-induced cell migration in the wound healing assay. MDA-MB-231 monolayers were scratched, irradiated (10 Gy; ctrl = nonirradiated cells), kept in the presence of the MET inhibitor, PHA665752 (500 nM), or dimethyl sulfoxide (DMSO) (vehicle) for 24 hours, and micrographs were taken at ×100 magnification. Lines indicate wound margins at time zero. Scale bar: 100 µm. Similar results were obtained in MDA-MB-435S and U251 cells (data not shown). B) IR-induced invasion in the transwell assay. MDA-MB-231 or U251 cells were seeded onto Matrigel-coated transwell filters, and irradiated (10 Gy; ctrl = nonirradiated cells). After 24 hours, cells that invaded the filters were stained with crystal violet and micrographs were taken at ×100 magnification. Scale bar: 100 µm. C) Effect of MET inhibition on IR-induced cell invasion in the transwell assay. Assays were performed as in (B) with cells undergoing MET inhibition as follows. In the left panel, cells were supplied with PHA665752 (500 nM) or DMSO (vehicle) immediately before irradiation, and kept in the presence of the inhibitor during the transwell assay. In the right panel, cells underwent irradiation and transwell assay 48 hours after transfection of silencing RNA (siRNA) against MET (siMET) or control siRNA (siCTRL). Both graphs represent the number of MDA-MB-231 cells that invaded Matrigel-coated transwell filters 24 hours after irradiation (10 Gy; ctrl = nonirradiated cells). The means of six samples from three independent experiments, with 95% confidence intervals, are shown. P values are from two-sided paired t tests. In the inset, an immunoblot shows MET expression at the indicated time points after transfection of siMET or siCTRL. Blots were probed also with antiactin as control of protein loading. Similar results with PHA665752 were obtained in U251 cells ( Supplementary Figure 7 , A, available online). D) Hepatocyte growth factor (HGF) stimulated invasiveness in the transwell assay. Experiments were performed as in (B) except in that MDA-MB-231 cells received HGF (50 ng/mL) in place of the MET inhibitor, or were mock treated during the transwell assay. The graph represents the number of MDA-MB-231 cells that invaded Matrigel-coated transwell filters 24 hours after irradiation (10 Gy; ctrl = nonirradiated cells). The means of six samples from two independent experiments, with 95% confidence intervals, are shown. P values are from two-sided paired t tests. Similar results were obtained with U251 cells ( Supplementary Figure 7 , B, available online). E) Effect of IR on MET-mediated branching morphogenesis. MDA-MB-435S cells were embedded in a three-dimensional collagen matrix to form multicellular spheroids. Cells were then irradiated (10 Gy; ctrl = nonirradiated cells) and cultured in the presence of HGF (50 ng/mL, purified as a recombinant protein from baculovirus-infected SF9 insect cells) or mock medium (conditioned medium from noninfected SF9 insect cells) for 7 days. As a control of normal branching morphogenesis, nonirradiated cells were cultured in the presence of HGF. Micrographs were taken at ×200 magnification 7 days after irradiation. Scale bar: 50 µm.
MDA-MB-231, MDA-MB-435S, or U251 cells were then studied in invasion assays (47) to measure their ability to traverse an artificial basement membrane in vitro in response to irradiation (10 Gy). Cells were seeded in transwell chambers, onto filters coated with Matrigel. Irradiated cells displayed substantially increased ability to invade the filters compared with nonirradiated cells ( Figure 5, B and data not shown), again mimicking the behavior evoked by HGF in nonirradiated cells (48) . Like IR-stimulated wound healing, the IR-stimulated proinvasive effect was dependent on MET because it could be abolished either by addition of the MET-specific inhibitor, PHA665752 ( Figure 5 , C and Supplementary Figure 7 , A, available online) or by addition of siRNA against MET ( Figure 5 , C and data not shown). Having shown that IR and HGF synergized to induce MET signaling (Figure 2 , C and D and Supplementary Figure 2 , C and D, available online), we investigated whether they could synergize to induce cell invasion as well. We therefore irradiated (10 Gy) MDA-MB-231 or U251 cells seeded on Matrigel-coated transwell filters, and we kept them in the presence of HGF (50 ng/mL) for 24 hours. Cells that received both IR and HGF displayed increased ability to invade the filters, compared with cells that received IR or HGF alone ( Figure 5 , D and Supplementary Figure 7 , B, available online).
Effect of IR on MET-Mediated Morphogenesis
HGF stimulates branching morphogenesis, a complex physiological process that includes cell migration, proliferation, and spatial reorganization, to generate hollow branched tubules during development (49) . Some cell lines, like MDA-MB-435S cells, can fully execute the branching morphogenesis program in vitro. We investigated whether IR could induce or interfere with the branching morphogenesis process. We therefore embedded MDA-MB-435S cells into a three-dimensional collagen matrix, to form multicellular spheroids. Exposure to IR alone (10 Gy) did not induce branching morphogenesis, which is not surprising, as the transient MET overexpression and activation induced by IR is likely insufficient to support the entire process, which requires MET activation sustained over several days. Moreover, while nonirradiated cells kept in the presence of HGF for 7 days formed normal branching tubules, irradiated cells in the same conditions built tubules that displayed remarkable structural alterations, as cells seemed to disengage from the external surface and disseminate into the surrounding matrix ( Figure 5, E) . This phenotype was reminiscent of the "tridimensional scatter" that has been described as a form of aberrant, pro-invasive morphogenesis that occurs in response to TNF-± (50).
Contribution of MET Inhibition to IR-Induced Apoptosis and Proliferative Arrest
As part of the invasive growth program, MET emanates powerful antiapoptotic signals through sustained activation of downstream signaling pathways [reviewed in (51) ]. Therefore, we reasoned that increased MET expression could prevent cell death induced by irradiation, and conversely, that MET inhibition could increase the efficacy of radiotherapy. To explore this hypothesis, we assessed the viability of irradiated MDA-MB-231, MDA-MB-435S, or U251 cells by evaluating cell metabolic activity. Culture in the presence of the MET inhibitor PHA665752, and conditions nonpermissive for proliferation, reduced cell viability by more than 50% at 48 hours after irradiation (10 Gy) ( Figure 6 , Aand Supplementary Figure 7 C, available online). Radiation sensitivity of the above cell lines was independent of the degree of confluence (data not shown). To examine whether the reduced viability of irradiated cells treated with the MET inhibitor was due to increased apoptosis, we measured the levels of active caspase-3 by immunoblotting. At 6 hours after irradiation (10 Gy), MDA-MB-231, MDA-MB-435S, or U251 cells treated with PHA665752 displayed a more than doubled content of active caspase-3 as compared with irradiated cells treated with the vehicle (Figure 6 , B and data not shown). Also, treatment with PHA665752 alone induced a slight accumulation of active caspase-3 ( Figure 6, B) ; however, it did not substantially affect cell viability ( Figure 6 , A and Supplementary Figure 7 , C, available online). We thus concluded that decreased viability of irradiated cells treated with the MET inhibitor was likely due to increased apoptosis.
Figure 6
Contribution of MET inhibition to ionizing radiation (IR)-induced apoptosis and proliferative arrest. A) MET inhibition and viability of irradiated cells. MDA-MB-231 cells were grown to confluence, serum starved, and irradiated (10 Gy). Cells were kept in the presence of either the MET inhibitor PHA665752 or DMSO (vehicle), which were added immediately before irradiation, for up to 48 hours. Cell viability was evaluated by measuring ATP production 24 or 48 hours after irradiation. The graph shows means of nine samples from three independent experiments with 95% confidence intervals. P values are from two-sided paired t tests. Survival of nonirradiated cells kept in the presence of the vehicle was arbitrarily set to 100%. Similar results were obtained with MDA-MB-435S and U251 cells ( Supplementary Figure 7 , C, available online). B) Met inhibition and caspase-3 activation in irradiated cells. MDA-MB-231 cells were irradiated (10 Gy) and kept in the presence of PHA665752 (500 nM) or dimethyl sulfoxide (DMSO) (vehicle). As a control, nonirradiated cells received the same treatments. After 6 hours, lysates were analyzed by immunoblotting with rabbit polyclonal anti-caspase 3 antibodies recognizing either the active (active casp-3) or the inactive caspase-3 (inactive casp-3) forms. Blots were stripped and reprobed with anti-actin antibodies as a control of protein loading. Similar results were obtained with MDA-MB-435S and U251 cells (data not shown). C) MET inhibition and clonogenicity of irradiated cells. MDA-MB-231 cells were seeded at low density, irradiated (1-5 Gy) and cultured in the presence of PHA665752 (500 nM, dotted line) or DMSO (vehicle, solid line) for 15 days. The clonogenic fraction (percentage of colonies containing more than 50 cells) was calculated as described in "Methods". The graph shows means of eight samples from two independent experiments with 95% confidence intervals. P values were from two-way analysis of variance. Similar results were obtained with U251 cells (data not shown).
Moreover, we investigated whether MET inhibition impaired the proliferative ability of cells surviving irradiation. Therefore, we performed a clonogenic assay, by plating MDA-MB-231 or U251 cells at low density. Cells were exposed to increasing doses of IR (1-5 Gy), and cultured in the presence of PHA665752 or vehicle. After 15 days, the clonogenic fraction [ie, the percentage of colonies containing more than 50 cells, calculated as described in detail in "Methods" and (24)] was substantially reduced in cells that received both IR and PHA665752, as compared with cells that received IR or PHA665752 alone. Notably, the MET inhibitor halved the IR dose required to obtain a similar reduction in the number of colonies ( Figure 6 , C and data not shown). Taken together, these results indicated that inhibition of MET was able to sensitize cells to ionizing radiation, likely by decreasing their resistance to IR-induced apoptosis, and, as shown by clonogenic experiments, by reducing their ability to resume proliferation after treatment.
Contribution of MET Inhibition to Radiosensitization of Tumor Xenografts
To determine whether MET inhibition can radiosensitize tumor cells in vivo, we transplanted U251 human glioma cells and MDA-MB-231 human breast cancer cells into subcutaneous sites on the right flanks of immunocompromised mice. Established tumors were then treated with different irradiation protocols. Mice with U251 tumors received a single dose of 5 Gy at day 0, whereas mice with MDA-MB-231 tumors received a fractionated dose of 4.5 Gy (1.5 Gy per fraction, each administered on days 0, 2, and 4). Mice were then treated by daily administration of the novel MET inhibitor, JNJ-38877605 (50 mg/kg), until the end of the experiments. JNJ-38877605 displays selectivity and inhibitory activity against MET that is comparable to or higher than PHA665752 [ Supplementary Figure 8 , available online and (15, 52, 53) ]. JNJ-38877605 was chosen because, unlike PHA665752, it can be administered orally, and because PHA665752 caused tissue damage at the site of injection in a substantial percentage of mice (approximately 50%, our unpublished observation). While radiotherapy alone caused tumor growth arrest at best, association of radiotherapy with the MET inhibitor induced statistically significant further decrease of U251 tumors (at day 13, relative to mean tumor volume at day 0, volume increase of tumors treated with vehicle = 438%, with JNJ-38877605 = 398%, with IR = 151%, with JNJ-38877605 + IR = 76%; difference, vehicle vs JNJ-38877605 = 40%, 95% CI = −17% to 97%, P = .65; difference, JNJ-38877605 vs JNJ-38877605 + IR = 322%, 95% CI = 298% to 346%, P < .001; difference, IR vs JNJ-38877605 + IR = 75%, 95% CI = 59% to 91%, P = .01) (Figure 7, A) . Interestingly, association with the MET inhibitor could also switch an ineffective low-dose irradiation protocol (4.5 Gy fractionated) into a treatment capable of reducing MDA-MB-231 tumor volume by an average 75% (at day 7, relative volume increase of tumors treated with vehicle = 169%, with JNJ-38877605 = 136%, with IR = 131%, with JNJ-38877605 + IR = 34%; difference, vehicle vs JNJ-38877605 = 33%, 95% CI = 8% to 58%, P = .33; difference, JNJ-38877605 vs JNJ-38877605 + IR = 102%, 95% CI = 86% to 118%, P = .005; difference, IR vs JNJ-38877605 + IR = 97%, 95% CI = 80% to 114%, P = .006) (Figure 7, B) . We also investigated whether tumor treatment with the MET inhibitor increased IRinduced cell apoptosis. Established xenografts of MDA-MB-231 cells were irradiated with a single dose of 5 Gy, tumors were explanted on days 2, 4, and 6 after irradiation, and tumor sections were stained with TUNEL assay. The number of apoptotic cells was statistically significantly increased in tumors undergoing combined therapy with respect to either treatment with irradiation or MET inhibitor alone (at day 6, number of TUNEL-positive cells per high-power field after treatment with vehicle = 0, with JNJ-38877605 = 3, with IR = 122, with JNJ-38877605 + IR = 243; difference, JNJ-38877605 + IR vs JNJ-38877605 = 240, 95% CI = 233 to 247, P < .001; difference, JNJ-38877605 + IR vs IR = 121, 95% CI = 97 to 145, P = .008) ( Figure 7 , C and D).
Figure 7
Contribution of MET inhibition to radiosensitization of tumor xenografts. A) Radiosensitization of U251 xenografts. U251 cells were injected subcutaneously into immunocompromised CD1-nu −/− mice. Established tumors received a single dose of 5 Gy at day 0, and mice were treated by daily oral administration of the MET inhibitor, JNJ-38877605 (50 mg/kg), or vehicle, from day −1 to day 13. Nonirradiated mice were treated as above. Tumor diameters were measured every 3 days with a caliper. The graph represents the relative tumor volume increase as means with 95% confidence intervals (n = 6 mice per group; P values from two-sided paired t tests). Shaded symbols= extrapolated values. B) Radiosensitization of MDA-MB-231 xenografts. MDA-MB-231 cells were injected subcutaneously into immunocompromised NOD/SCID mice. Established tumors received a fractionated dose of 4.5 Gy (1.5 Gy per fraction, each administered on days 0, 2, and 4), and mice were treated by daily oral administration of the MET inhibitor, JNJ-38877605 (50 mg/kg), or vehicle, from days 0 to 7. Nonirradiated mice were treated as above. Tumor diameters were measured every 3 days with a caliper. The graph represents the relative tumor volume increase as means with 95% confidence intervals (n = 5 mice per group, two-sided paired t tests). Shaded symbols = extrapolated values. C) Apoptosis in MDA-MB-231 xenografts. Mice with established MDA-MB-231 tumors were irradiated with a single IR dose (5 Gy) and daily treated with JNJ-38877605 (50 mg/kg) or vehicle. Nonirradiated mice were treated as above (n = 9 mice per group). Tumors were explanted on day 2, 4, or 6 after irradiation, sections were stained with a TUNEL assay to detect apoptotic cells, and the number of TUNEL-positive (apoptotic) cells per high-power field (HPF) (×400 magnification) was counted. The graph shows means of six HPF per mouse (n = 3) with 95% confidence intervals (P values from two-sided paired ttests). D) Representative images of MDA-MB-231 tumors treated and stained with TUNEL assay as in (C), and photographed at ×200 magnification 6 days after treatment. Brown nuclei indicate apoptotic cells. Scale bar: 50 µm. ctrl = nonirradiated cells.
Discussion
In addition to damaging intracellular targets, IR (mostly through generation of ROS) tunes the activity of regulatory molecules, which control the stress-and-recovery biological response. Increased transcription of the MET oncogene and activation of its signaling activity emerged as crucial events in this response, resulting in the execution of a prosurvival and regenerative program that counteracts radiation-induced damage. In this article, we have shown that IR-induced transcription of MET was controlled by a signal transduction pathway elicited by the protein kinase ATM following the detection of DNA damage. This pathway includes nuclear export of the ATM kinase and release of the transcription factor NFº B from inhibition (44) . Activation of NF-º B by DNA damage is known to play a key role in the defensive response against radiation because NF-º B is a prominent regulator of antiapoptotic genes (54, 55) , and cell survival promoted by NF-º B has been proposed to be effective enough to induce "adaptive resistance" of cancer cells to radiotherapy (56) . Here, we have shown that the adaptive response to radiation sustained by NF-º B was mediated by the MET proto-oncogene. MET induction by IR was a biphasic transcriptional event, mediated by binding of NF-º B to the two NF-º B-specific response elements located in the MET promoter. The early transcriptional response that occurred within 1-2 hours after irradiation likely relied on NF-º B activation by intracellular signaling driven by the DNA damage sensor, ATM. At later times, increased MET transcription was sustained (more than 24 hours) and was likely to be supported by multiple extracellular (paracrine) signals that also activate NF-º B [reviewed in (57) ]. By analyzing a panel of candidate cytokines, we found that irradiated cancer cells expressed and secreted TNF-±, which, on the one hand, is a NF-º B target, and, on the other hand, stimulates NF-º B transcriptional activity (33) . We suggest that, in living tissues, irradiation induces autocrine or paracrine signaling by TNF-± that sustains NF-º B activation and induces waves of survival signals throughout the damaged tissue. Among the outcomes of IR-induced NF-º B activation, MET overexpression resulted in ligandindependent activation of MET signaling, and activation of critical downstream effectors, including Gab1, a MET-specific multifunctional signaling adaptor protein, and the Ras-MAP kinase pathway. In addition, the overexpressed MET receptor was hypersensitive to HGF stimulation, and therefore, in irradiated cells, MET signaling and biological responses to HGF were hyperactivated. Interestingly, like MET, the HGF gene is an NF-º B target (33) . However, unlike MET, the HGF gene was not induced by irradiation in cancer cells of epithelial or neuroectodermal origin. On the contrary, HGF was induced by irradiation in stromal cells, which normally secrete it for paracrine stimulation of epithelial cells (58) . We conclude that, in human cancers, IR can support MET activation through multiple mechanisms (Figure 8 ), which include the following: 1) MET transcriptional upregulation initiated by cell-autonomous events (ATM activation) and supported by autocrine-paracrine mechanisms (TNF-±), 2) ligand-independent activation of MET, caused by overexpression, and 3) ligand-dependent hyperactivation of MET, mediated by HGF released from stromal cells.
Figure 8
Effects of ionizing radiation (IR) on transcription and activation of the MET signaling pathway. IR activates a signaling cascade initiated by the DNA-damage sensor ataxia telangiectasia mutated (ATM), ending in activation of the transcription factor nuclear factor kappa B (NF-º B), which leads to overexpression of MET at the cell surface. Signaling via NF-º B is amplified by a positive-feedback loop mediated by tumor necrosis factor ± (TNF-±). The overexpressed MET tyrosine kinase is activated in the absence of its ligand hepatocyte growth factor (HGF) and is also sensitized to HGF, which is secreted by irradiated stromal cells (fibroblasts), likely as result of NF-º B activation. MET transduces signals that promote invasive growth and protection from IR-induced apoptosis, thus supporting cancer cell radioresistance and dissemination.
In irradiated tissues, increased expression of the NF-º B target genes METand HGF promotes the execution of a complex program, controlling cell survival and invasion, which acts as a doubleedge sword: in normal tissues, this program promotes recovery from damage, in cancer cells, progression toward malignancy. As we showed, on the one hand, IR-induced MET overexpression and activity enabled cells to heal wounded monolayers. On the other hand, it stimulated cells to invade artificial basement membranes, an activity predictive of invasive/metastatic ability in vivo (47) . Even more strikingly, in irradiated cells, the physiological process of HGF-induced branching morphogenesis was turned into disorganized cell dissemination throughout a tridimensional matrix. In all cases, although several NF-º B target genes were expressed in irradiated cells, we showed, through inhibition of MET expression or activity, that MET was required for both physiological invasive growth (wound healing) and malignant invasive growth (invasiveness). We thus speculate that the reported aggressiveness of tumors relapsing after irradiation likely involves activation of the invasive growth program under a tight control of the MET oncogene. We also showed that MET kinase inhibition in association with radiotherapy induced tumor growth arrest and regression in vivo, likely as a result of impaired cell survival and clonogenic ability, as measured in vitro and in vivo. This has important therapeutic implications as it suggests that combination of radiotherapy with MET inhibition can radiosensitize cancer cells. These findings are particularly relevant for clinical situations where irradiation doses are limited by radiotoxicity, as in the case of glioblastoma (59) . MET inhibition might increase the success of total brain irradiation with lower doses of IR. This strategy is consistent with the results obtained with administration of ribozymes targeting METin glioblastoma cells (60) . Although ribozymes are far from being suitable for therapeutic application, small-molecule kinase inhibitors (15) , as well as anti-MET antibodies (61) are already available for clinical trials, and could be immediately tested in association with radiotherapy.
Our study has limitations that must be addressed in future work to fully explore the potential applications of MET inhibitors in human therapy. Although we showed that IR-induced MET expression contributes to radioresistance, it remains to be elucidated whether and under which circumstances radiotherapy promotes MET-mediated cancer invasiveness in patients. Another relevant issue that requires further investigation is whether, as observed in vitro and in vivo, the irradiated tumor microenvironment secretes factors such as TNF-± and HGF, which, by paracrine mechanisms, upregulate and activate MET within the tumor and adjacent tissues, thus propagating a bystander effect (62) and enforcing radioresistance. Finally, it would be crucial to investigate whether the cancer stem cell subpopulation, identified in human tumors such as glioblastoma, which is known to be radioresistant (7) , can be eradicated by combining radiotherapy with MET inhibitors. 
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